extracellular and intracellular water distribution and muscle glycogen after 72-h carbohydrate loading using spectroscopic techniques. J Appl Physiol 121: 205-211, 2016. First published May 26, 2016 doi:10.1152/japplphysiol.00126.2016.-Body water content increases during carbohydrate loading because 2.7-4-g water binds each 1 g of glycogen. Bioelectrical impedance spectroscopy (BIS) allows separate assessment of extracellular and intracellular water (ECW and ICW, respectively) in the whole body and each body segment. However, BIS has not been shown to detect changes in body water induced by carbohydrate loading. Here, we aimed to investigate whether BIS had sufficient sensitivity to detect changes in body water content and to determine segmental water distribution after carbohydrate loading. Eight subjects consumed a high-carbohydrate diet containing 12 g carbohydrates·kg body mass Ϫ1 ·day
MUSCLE GLYCOGEN IS A CRUCIAL energy source for exercise, and its depletion impairs muscle contraction by attenuating Ca 2ϩ release from the sarcoplasmic reticulum and suppressing Na-K-ATPase functions (30) . At the subcellular level, muscle glycogen is stored in three locations (intramyofibrillar, intermyofibrillar, and subsarcolemmal space), and intramyofibrillar glycogen is easily changed during exercise and recovery (21, 29) . Consumption of a high-carbohydrate diet for a few days increases muscle glycogen to approximately twice the basal value (called carbohydrate loading) (5) . Carbohydrate loading improves performance in cases in which the exercise time is more than 90 min (6, 16) . Computational studies have suggested that almost all marathon runners require carbohydrate loading to avoid experiencing the "hitting the wall" phenomenon during a race (32) .
Glycogen is stored bound to a certain amount of water. Several animal and human studies have reported a positive relationship between glycogen and tissue water in muscle and liver (12, 27, 28) . For human muscle glycogen, Olsson and Saltin reported that total body water (TBW) measured by the deuterium (D 2 O) dilution technique is increased with muscle glycogen supercompensation (28) . On the basis of previous results, it is estimated that 2.7-4 g of water is bound to each 1 g of glycogen (23, 28) . Increase in TBW causes discomfort in some athletes owing to increases in body weight, but it also prevents excess body temperature elevation during exercise (23) . Monitoring of body water status during carbohydrate loading using practical methods has important implications for athletes. Increased body water after carbohydrate loading can be observed by magnetic resonance imaging (MRI) via the signal intensity of transverse relaxation time (T2) and muscle cross-sectional area in leg muscles (27) . With this method, the signal intensity in images with an echo time of 15 and 30 ms increased after 4-day carbohydrate loading, suggesting that intracellular binding water increases in glycogen-loaded muscles. However, MRI is not widely applicable owing to the high level of technical expertise required and the limited measurement capacity.
Bioimpedance analysis (BIA) is a practical method used to assess body water content as an alternative to the "goldstandard" D 2 O dilution technique (17, 19, 20) . As opposed to traditional BIA using a single-frequency current at 50 kHz (single-frequency BIA; SF-BIA), BIA using multifrequency current (bioimpedance spectroscopy; BIS) allows separated assessment of extracellular water (ECW) and intracellular water (ICW) contents based on the Cole-Cole model and/or the Hanai mixture theory (9, 14) . The good accuracy of TBW, ECW, and ICW contents measured by BIS compared with D 2 O and bromide dilution techniques and/or total body potassium counting under euhydrate conditions has been demonstrated in several previous studies (10, 36, 43) . Segmental BIS seems likely to be beneficial for detection of acute body water changes, with high sensitivity for acute body water changes compared with whole-body BIS (42, 48) . Moreover, segmental BIS provides new evidence regarding the segmental specificity of body water distribution after carbohydrate loading. Elucidation of the details of segmental water distribution (ECW vs. ICW) will contribute to a much better understanding of the relationship between muscle glycogen and body water.
The purposes of this study were to investigate whether BIS had sufficient sensitivity to detect body water changes and to determine segmental ICW and ECW distributions after carbohydrate loading by combining the D 2 O dilution technique with BIS. We hypothesized that increases in body water after carbohydrate loading could be detected by BIS and may be caused by increased ICW due to glycogen localization in muscle cells. ; means Ϯ SD (range)] participated in this study. The subjects were fully informed of any risks and discomfort associated with this study before giving their written informed consent to participate. The study procedure was approved by the ethical committee of Japan Institute of Sports Sciences (no. 2014035).
METHODS

Subjects
Research design. Before any laboratory measurements, subjects completed weighted dietary records for 3 separate days, including 2 weekdays and 1 weekend day. A well-trained registered dietitian analyzed the dietary records on the basis of Standard Tables of Food Composition in Japan by using analytical software (Mellon, Toshiba, Tokyo, Japan) (24a, 26) . Subjects then visited the laboratory to measure V O2 max on an electronically braked cycle ergometer (Aerobike 75XLII; Combi, Tokyo, Japan). The V O2 max test was started after 3 min of warm-up at 40 W, and the workload was increased by 20 W every minute until voluntary exhaustion was reached. The ventilation volume and expired O2 and CO2 concentrations were analyzed using a calibrated online gas collection system in the breath-by-breath mode (AE-310S; Minato Medical Science, Osaka, Japan) (1). The value used for V O2 max corresponded to the highest value achieved over a 30-s collection period. All subjects fulfilled at least three of the four following V O2 max criteria: 1) a plateau in V O2 where the increase in V O2 was less than 150 ml/min with increasing workload, 2) maximal heart rate that reached age-predicted maximal heart rate (220 Ϫ age Ϯ 10 beats/min), 3) maximal respiratory ratio greater than 1.1, and 4) peak blood lactate concentration 8 mmol/l or more (4) .
Subjects visited the laboratory to complete baseline measurements at least 3 days later. The day before measurement, subjects were prohibited from drinking alcoholic beverages or performing vigorous exercise. Over 2 h after consuming the prescribed diet (energy, 869 kcal; protein, 15.5% of energy; fat, 21.8% of energy; carbohydrate, 62.7% of energy), blood and urine samples were collected. Then, BM, body composition, muscle glycogen concentration, and body water content were measured.
The day following baseline measurements, subjects visited the laboratory to complete the glycogen depletion session. Based on previous glycogen depletion studies (22, 37) , the glycogen depletion session consisted of 60 min of continuous cycling at 70% V O2 max, 5 ϫ 1-min intermittent cycling at 100% V O2 max, and continuous cycling at 100% V O2 max until exhaustion on an ergometer. Immediately after exercise, muscle glycogen concentration was measured.
For 72 h thereafter, subjects were instructed to consume a highcarbohydrate, excess energy diet (12 g carbohydrates·kg BM Ϫ1 ·day
Ϫ1
in meals and snacks; Table 1 ). Subjects were instructed to adhere strictly to the dietary program and were prohibited from vigorous exercise. Water intake was permitted ad libitum. Every 24 h after exercise, muscle glycogen concentration was measured, and 72 h after exercise, measurements identical to those taken at baseline were completed (Fig. 1) . The same meal was consumed before measurements. 13 C-magnetic resonance spectroscopy ( 13 C-MRS). Muscle glycogen concentration was measured using 13 C-MRS, as described elsewhere (39) . Briefly, the 13 C-glycogen signal was obtained from the thigh muscle of the right leg by using a 3-T MR system (Magnetom Verio; Siemens, Erlangen, Germany) with a 13 C-1 H double-tuned surface coil of 10-cm diameter. The 13 C-glycogen signal was obtained in 15-min blocks consisting of 4,500 scans and a repetition time of 200 ms. Quantification of the 13 C-glycogen signal was performed by phantom replacement measurements using a phantom with 120 mM glycogen and 50 mM KCl. The peak area of the 13 C-glycogen signal was integrated by commercial software provided with the MR console. The coefficient of variation (CV) of repeat measurements of muscle glycogen by 13 C-MRS with repositioning and reshimming was 3.5 Ϯ 2.1%.
D2O dilution technique. TBW was measured using the D2O dilution technique (TBWD2O). Following the first blood sampling, subjects ingested 0.06 g/kg of their estimated TBW of D2O diluted 20-fold with water. The bottle was rinsed twice with ϳ30-ml water each time, and this water was ingested. Within 2 h after D2O ingestion, an additional 220-ml water was ingested. The second and third blood samples were obtained 3 and 4 h after D 2O ingestion. Blood samples were collected in a vacuum tube containing EDTA-2K from the antecubital vein and stored frozen at Ϫ30°C for later analysis. D 2O abundances in the blood were measured using an isotope-ratio mass spectrometer (Hydra 20-20 Stable Isotope Mass Spectrometer; Sercon, Crewe, UK), as described elsewhere (35) . The TBW value was calculated using the difference in D 2O abundance between baseline and the average of 3 and 4 h. Water volume ingested during measurement was included in the TBW value. The day-to-day intraindividual variation of TBW was (CV) Ͻ3%.
Body composition. Body composition was assessed by two-and three-compartment (2C and 3C, respectively) models. In the 2C model, body composition was separated into fat mass (FM) and fat-free mass (FFM) using Siri's 2C model equation (38) . In the 3C model, body composition was separated into FM, fat-free dry solid (FFDS), and TBW using Siri's 3C model equation (38) . BM and body density were measured using an air displacement plethysmography system (BODPOD; COSMED, Chicago, IL). Thoracic gas volume was measured and applied to the calculation of body density. TBW D2O was applied to the 3C model equation.
BIS. Whole-body and segmental water contents were measured using a BIS system (SFB7; ImpediMed, Pinkenba, QLD, Australia) that scanned 256 frequencies between 4 and 1,000 kHz. Immediately before the measurement, the validity of the impedance value was tested against a series of precision resistors provided by the manufacturer. Two injection electrodes (Red Dot; 3M Health Care, St. Paul, MN) were placed on the right side of the body on the dorsal surface of the hands and feet proximal to the metacarpal-phalangeal and metatarsal-phalangeal joints. Sensing electrodes were placed on the right side of the body on the middorsum of the wrist centered on a line joining the bony prominences of the radius and ulna; the tip of the acromion; the greater trochanter of the femur; and the midanterior ankle centered on a line joining the malleolus lateralis and malleolus medialis for the upper limb, trunk, and lower limb. Each length between electrodes (L) was measured to the nearest 0.1 cm and was strictly standardized between measurements by marking the skin. To equalize measurement conditions, BIS measurements were conducted in a temperature-controlled room (21-22°C) at the same hour each day. The subjects remained in the supine position for 15 min to avoid acute water flux from the lower limb to the trunk induced by postural changes, and measurements were then conducted. Data were corrected in triplicate and the average value was applied. Variations (CV) between replicate measurements for arm, trunk, leg, and whole body were 0.02, 0.23, 0.04, and 0.06% for resistance (R) of ECW (R e); and 0.26, 0.92, 0.23, and 0.18% for R of ICW (Ri), respectively.
The analysis parameters (minimum frequency, 5 kHz; maximum frequency, 500 kHz; rejection limit, 0%) were set on the basis of a previous report (46) . To avoid inaccuracy of R calculated from the theoretical model (46) , R e and Ri were estimated by regressions against the impedance (Z) of ECW and of ICW, which was calculated from a Z of 5 and 250 kHz, respectively. Whole-body ECW, ICW, and TBW contents were calculated from equations supplied by the manufacturer, where ECW and ICW were assumed to be 273.9 and 937.2 ⍀cm, respectively. Constant body density (Db) and factor of body proportion (Kb) were applied for body water calculation (Db ϭ 1.05 kg/l and Kb ϭ 4.30, respectively). These values were determined in accordance with the default values of the commercial analysis software (ImpediMed SFB7 Multi-Frequency Analysis; ImpediMed, Pinkenba, QLD, Australia). Segmental (arm, trunk, and leg) ECW and ICW contents were calculated as follows: ECW ϭ ECW ϫ L 2 /Re, and ICW ϭ ICW ϫ L 2 /Ri, where ECW and ICW were assumed to be segment-specific resistivity values (47) . The day-to-day intraindividual variations of whole-body and segmental BIS were (CV) 2.2-2.4% for ECW and 0.9 -1.5% for ICW in our laboratory.
Blood and urine analysis. Blood samples were collected into vacuum tubes containing lithium-heparin and centrifuged at 3,000 g at 4°C for 10 min. Plasma was stored at Ϫ30°C for later analysis. Blood analyses included measurements of plasma osmolality, sodium, potassium, and chloride concentrations. Urine samples were stored at 4°C and used for urine specific gravity analysis. All blood and urine analyses were conducted by an independent company (LSI Medience, Tokyo, Japan).
Statistical analysis. All data are expressed as means Ϯ SD. Glycogen units were converted from mM to mmol/kg by assuming . Fig. 1 . Experimental design. After Ex, immediately after exercise; D2O, ingestion of deuterium; ADP, body composition assessment by air displacement plethysmography; BL, blood sampling; 13 C-MRS, muscle glycogen assessment by 13 C-magnetic resonance spectroscopy.
muscle density as 1.1 kg/l (24). Repeated one-way analysis of variance (ANOVA) was used to evaluate the differences within subjects, followed by a Tukey-Kramer post hoc test to identify differences when significant main effects were found. Differences with P values Ͻ0.05 were considered significant. Statistical calculations were performed using SPSS Statistics 19 (IBM, Armonk, NY).
RESULTS
Muscle glycogen concentration.
Muscle glycogen concentration was significantly decreased after the glycogen depletion exercise (72.7 Ϯ 10.0 to 25.6 Ϯ 9.0 mmol/kg wet wt, respectively; ⌬ Ϫ64.2 Ϯ 14.5%; P ϭ 0.008). It was recovered at 24 h after exercise (69.3 Ϯ 9.7 mmol/kg wet wt; ⌬ Ϫ2.9 Ϯ 20.3%; P ϭ 0.99) and was significantly increased at 48 h (115.1 Ϯ 19.1 mmol/kg wet wt; ⌬ 60.5 Ϯ 32.6%; P ϭ 0.02) and 72 h after exercise (169.4 Ϯ 55.9 mmol/kg wet wt; ⌬ 135.9 Ϯ 83.0%; P Ͻ 0.001) compared with that at baseline.
Body composition and whole-body water contents. The results of the measurement parameters are presented in Table 2 . BM, TBW D2O , and FFDS were significantly increased at 72 h after exercise compared with those at baseline (P Ͻ 0.05). FM, as assessed by the 3C model, was significantly decreased at 72 h after exercise compared with that at baseline (P ϭ 0.031). Moreover, ICW, as assessed by whole-body BIS, was significantly increased at 72 h after exercise compared with that at baseline (P ϭ 0.013); however, no significant difference was observed for ECW (P ϭ 0.86). The resistance at 50-kHz current (R 50 ) for the whole body was not changed at 72 h after exercise compared with that at baseline (P ϭ 0.81).
Segmental water content assessed by BIS. The segmental body water contents are presented in Table 3 . In the arm and trunk, ECW and ICW were not significantly different at baseline and at 72 h after exercise. In the leg, ICW was increased significantly at 72 h after exercise compared with that at baseline (P Ͻ 0.05), whereas ECW was not significantly altered (P ϭ 0.66). The R 50 within each body segment was not changed at 72 h after exercise compared with that at baseline (P Ͼ 0.05).
Blood and urine analysis. Plasma osmolality, plasma sodium and chloride concentrations, and urine specific gravity were not changed at 72 h after exercise compared with that at baseline (P Ͼ 0.05). Plasma potassium concentration was significantly increased at 72 h after exercise compared with that at baseline (P ϭ 0.014).
DISCUSSION
To the best of our knowledge, this is the first study to investigate the segmental ECW and ICW distribution after carbohydrate loading using BIS. We found that BIS could be used to detect increases in body water after 72-h carbohydrate loading. BIS showed that ICW was increased after carbohydrate loading, whereas ECW was not altered. Additionally, increased ICW was observed in the leg segment only.
In this study, changes in body composition after carbohydrate loading were analyzed using a 3C model, and increases in FFDS and TBW D2O were observed. FFDS consists of minerals, proteins, and glycogen. The increase in FFDS may be explained by increased glycogen, since a dramatic increase in glycogen concentration was observed in the thigh muscle. The increased TBW observed in this study was consistent with the results of a previous study showing that body water increases after carbohydrate loading in humans (27, 28) . Because the ratio of stored body water to glycogen has been estimated at 2.7-4:1 (23, 28) , stored water mass after carbohydrate loading was predicted as 1.1-1.5 liters on the basis of the whole-body muscle mass estimated by FFM (39.6% of FFM was assumed to be muscle mass) (2) and the muscle glycogen change. The small increase in TBW D2O compared with the prediction suggests that glycogen increased in partial muscle only. Assuming that the increase in FFDS was completely a reflection of the increase in glycogen throughout the body, the ratio of stored body water to muscle glycogen in this study was ϳ4:1. Thus our 3C model body composition analysis provides additional evidence in favor of the positive relationship between stored body water and muscle glycogen. Values are means Ϯ SD. BMI, body mass index; TGV, thoracic gas volume; Re, extracellular resistance; Ri, intracellular resistance; R50, resistance assessed at 50 kHz of current; FM2C, fat mass assessed by 2C model; FFM2C, fat-free mass assessed by 2C model; FM3C, fat mass assessed by 3C model; FFM3C, fat-free mass assessed by 3C model; FFDS3C, fat-free dry solid assessed by 3C model; TBWD2O, total body water assessed by D2O; TBWBIS, total body water assessed by whole-body BIS; ECWBIS, extracellular water assessed by wholebody BIS; ICWBIS, intracellular water assessed by whole-body BIS. *P Ͻ 0.05, †P Ͻ 0.01. Values are means Ϯ SD. Re, extracellular resistance; Ri, intracellular resistance; ECW, extracellular water; ICW, intracellular water. *P Ͻ 0.05 compared with the baseline value.
Whole-body and segmental BIS could be used to detect increased body water after carbohydrate loading. Because many internal and external factors, such as measurement time, electrode disposition, temperature, and body position, affect the precision of BIS measurements (8), we strictly adjusted these variables. The stringency of measurement conditions and high reproducibility of BIS may allow detection of relatively small changes in body water (ϩ2.4% by the D 2 O dilution technique). Resistance in the Cole-Cole model is estimated on the basis of the electrical theory but is subject to calculation error, especially at high frequencies (11) . Some studies have observed that the resistance estimated by the Cole-Cole model is similarly or slightly less precise than directly measured impedance; e.g., Z 5 or Z 250 (11, 15, 46) . Therefore we calculated R e and R i not by the Cole-Cole model but by regression analysis for Z 5 and Z 250-5 , respectively. This may have contributed to the detection of a slight increase in ICW. R 50 , which is commonly used for TBW assessment by SF-BIA, did not change after carbohydrate loading (Table 2) . Because R 50 is more sensitive to changes in ECW than ICW (13) , slight increases in ICW after carbohydrate loading are thought to be insufficient to change R 50 . This result implies that BIS, which allows separate assessment of ECW and ICW, has high sensitivity for relatively small changes in body water content compared with SF-BIA.
Analysis by BIS showed that ICW was increased after carbohydrate loading. This result was consistent with previous observations that ICW, as measured by MRI, increases after carbohydrate loading (27) . Body water can be classified into two types according to its characteristics: water bound to macromolecular proteins (bound water) and water fluidly surrounding bound water (free water) (7) . On the basis of the observed dramatic increases in glycogen after carbohydrate loading, we can assume that the increase in ICW was caused by changes in glycogen-bound water and/or intracellular osmolality associated with glycogen supercompensation. ICW is also altered by other intracellular metabolites, such as phosphoric acid and lactate (44, 45) . Raja et al. showed that intracellular acidification and phosphocreatine hydrolysis increase ICW during and after acute exercise, as measured using BIS (31) . In the present study, any exercise before BIS measurement was prohibited. In addition, dietary intervention similar to that used in the present study was shown not to affect phosphoric acid or lactate in the muscle (33, 40) . Therefore these metabolites are unlikely to affect ICW. Segmental body water analysis revealed that increased ICW occurred in the leg. This segmentspecific change in ICW may be explained by the type of exercise used for glycogen depletion. A previous study showed that muscle glycogen supercompensation specifically occurred in glycogen-depleted muscle (6) . Because cycling exercise was applied for muscle glycogen depletion, we assumed that the increase in ICW occurred only in the glycogen-depleted area, i.e., the leg.
It is possible that another factor accompanying carbohydrate loading affected body resistivity rather than changes in body water per se. Changes in the blood electrolyte balance and osmolality have been suggested to alter body resistance independent of hydration status (34) . In this study, levels of sodium and chloride, which account for a large portion of blood electrolytes, were not changed, but plasma potassium concentrations were slightly increased. This may be due to the significant increase in potassium consumption during carbohydrate loading (Table 1) . If potassium concentration was also increased in the intercellular space, then R i was decreased and ICW was overestimated by BIS. However, the results of D 2 O dilution technique support the increase in body water; an increase in ICW after carbohydrate loading was also implied in a previous MRI study (27) . Accordingly, we interpret that the changes in R i probably reflect an increase in ICW. Notably, changes in whole-body and segmental ICW as assessed by BIS were small compared with changes in TBW as determined by the D 2 O dilution technique. This difference may be attributed to the small sensitivity of BIS to glycogen-bound water and/or a value of glycogen-bound water that was higher than the applied ICW .
Interestingly, FM, as assessed by the 3C model, was slightly but significantly decreased, despite consumption of excess energy in the diet during carbohydrate loading. Carbohydrate overfeeding induces de novo lipogenesis; however, this response is thought to be negligible before muscle glycogen stores are saturated (3). The linear increases observed after glycogen depletion cycling in this study suggest that muscle glycogen concentration was unsaturated and that fat synthesis from carbohydrates was unlikely to have occurred during carbohydrate loading. Thus a negative fat balance may have been induced in association with the glycogen depletion exercise and reduction in fat intake compared with that of a habitual diet during carbohydrate loading ( Table 1) . The glycogen depletion exercise in this study used ϳ700 kcal, which was calculated in by the work rate and BM, and fat oxidation is suggested to undergo compensatory increase after glycogen depletion (18) . In addition, fat intake volume was decreased by 30 g/day (ϭ 270 kcal/day) for 3 days. These factors may provide a partial explanation for the significant decrease in FM. On the other hand, we cannot rule out the possibility that the dramatic increase in muscle glycogen after carbohydrate loading causes a small error in the body composition analysis since a constant protein/mineral ratio was assumed in Siri's equation. Further work is needed to confirm this finding.
Our results showing that BIS could be used to detect body water changes after carbohydrate loading have practical applications; specifically, BIS could be used to predict body water status during carbohydrate loading. The segment specificity and ECW/ICW distributions observed in this study provided useful information for detecting relatively small changes in body water. On the other hand, because body water distribution was investigated in relatively lean subjects under conditions in which a large amount of glycogen was stored, further studies are needed to confirm how these conditions yield similar results. In particular, application to subjects with extreme BMIs requires particular attention since BIS showed low precision for ICW in such subjects (25) . In addition, it is still unclear whether increases in ICW after carbohydrate loading depend on glycogen-bound water, since BIS indirectly measures intracellular bound water. To elucidate the mechanisms by which ICW is increased by carbohydrate loading, free and bound water dynamics should be studied using direct measurement techniques.
In conclusion, we showed that 72-h carbohydrate loading after glycogen depletion cycling increased FFDS and TBW using 3C model body composition analysis and a D 2 O dilution technique. The increased FFDS may be explained by increases in muscle glycogen, as dramatic changes were observed in the thigh muscle after the glycogen depletion exercise. Our results provide the first evidence showing that BIS has sufficient sensitivity to detect increases in body water content after carbohydrate loading, at least under highly standardized and controlled measurement conditions. The BIS data revealed that increases in body water after carbohydrate loading were caused by segment-specific increases in ICW.
